Background: Carbon monoxide (CO) poisoning has recently become a serious health problem in some Asian countries, including Taiwan. The aims of this study are to evaluate the changing trend of CO poisoning and to demonstrate the association between myocardial injury and neurological sequelae of CO poisoning in Taiwan between 1990 and 2011. Methods: This retrospective cohort study included all eligible patients with acute CO poisoning reported to the Taiwan National Poison Control Center during the study period. The changing trend of CO poisoning and its impacts on the primary outcomes, i.e., persistent neurological sequelae (PNS) and delayed neurological sequelae (DNS), were then assessed. Results: 786 CO poisoned cases were reported. Among them, 467 cases were intentional. Intentional CO exposure started to become the major cause of CO poisoning in Taiwan in 2002. Increase in the number of intentional CO poisoning significantly correlated with the increase in the overall number of CO poisoning (r ¼ 0.972, p < 0.001). Patients who took tranquilizer (OR ¼ 3.89; 95% CI:1.94e7.77), had myocardial injury (OR ¼ 1.70; 95% CI:1.03e2.82), had been stayed in intensive care unit (OR ¼ 2.03; 95% CI:1.13e3.62), presented with GCS less than 9 (OR ¼ 4.05; 95% CI:2.32e7.08) and had abnormal brain image (OR ¼ 14.46; 95% CI:5.83e35.83) had a higher risk of PNS. Moreover, patients who were older age (OR ¼ 1.04; 95% CI:1.02e1.07), had psychiatric disorder history (OR ¼ 2.82; 95% CI:1.35e5.89), had myocardial injury (OR ¼ 1.33; 95% CI:1.16e1.53), and presented with GCS less than 9 (OR ¼ 3.23; 95% CI:1.65e6.34) had a higher risk of DNS. Conclusion: The pattern of CO poisoning had changed markedly during the study period, with a significant increase in both the numbers of intentional and overall CO poisoning. Moreover, intentional CO poisoning was associated with a higher risk of neurological sequelae, which was mediated by various indicators of poisoning severity such as myocardial injury and GCS less than 9.
Introduction
Carbon monoxide (CO) is a colorless, odorless, tasteless, and nonirritating gas and also a common lethal toxicant. 1e7 Adverse health effects associated with CO exposure range from subtle cardiovascular and respiratory effects to neuropsychiatric presentations and other systemic complications or even fatality. 1, 2, [6] [7] [8] [9] Acute CO poisoning is possibly the cause of more than 50% of all fatal poisonings in numerous industrial countries. 2, 3, 5, 6, 10 In Taiwan, the annual mortality rate of CO poisoning had markedly increased from 0.1 to 5.1 per 100,000 population during 1998e2010. 11 The pattern of CO poisoning has also changed in other Asian countries, with an increase in the incidence of charcoal-burning related suicide. 12 In Hong Kong, charcoal-burning became the second most common suicide method in 2002, with the highest incidence in people aged 24e39 years. 13 Similarly, by then it had also become the most common suicide method for those aged 25e44 years in Taiwan. The incidence of charcoal-burning related suicide rose from 0.22 in 1999 to 6.48 per 100,000 population in 2006.
14 Charcoal-burning was the second leading suicide method in Taiwan in 2006 and accounted for one third of suicide deaths. 14, 15 In addition to a high mortality rate, acute CO poisoning may lead to persistent neurological sequelae (PNS) or delayed neurological sequelae (DNS).
1e3, 8, 10, 16, 17 PNS is a direct result of hypoxic brain damage, which is defined as the neurological symptoms evident at presentation that persist throughout hospitalization. By contrast, DNS frequently occurs within a few weeks after an initial clinical recovery from acute CO poisoning and its incidence could range from 3% to 40%. 1e4,6,8,17e21 Despite the frequent occurrence of PNS, no studies have been conducted on the risk factors of PNS. With regard to DNS, several important risk factors have been reported, including older age, duration of CO exposure, transient loss of consciousness, lower Glasgow Coma Scale (GCS) score, shorter lucid interval, and leukocytosis. 21, 22 Myocardial injury has also been argued as a frequent consequence, 23e25 and is found to predict mortality and DNS in patients with CO poisoning. 21,25e28 The major pattern of CO poisoning during the previous 2 decades in Taiwan remains unclear. Moreover, literature concerning the relationship between different patterns of CO poisoning and their outcomes is limited and the differences in the risk factors of PNS and DNS among cases of CO poisoning are not fully understood. This study aimed to explore the changes in CO poisoning patterns and their outcomes, and to determine the association between myocardial injury and neurological sequelae among those patients reported to the Taiwan National Poison Control Center (PCC) during 1990e2011.
Methods

Data source and study population
The protocol of this retrospective cohort study was approved by the Institutional Review Board of the Taipei Veterans General Hospital (VGH IRB No. 2011-09-007 IC). The study population consisted of all patients with CO poisoning reported to the Taiwan National PCC between January 1, 1990 and December 31, 2011. We first searched the computerized database of the Taiwan National PCC to identify all telephone inquiries concerning acute CO exposure during the study period, and reviewed the case profiles of all COexposed subjects. The diagnosis of acute CO poisoning was made when the subject had a clear history of CO exposure and an initial carboxyhemoglobin (COHb) level greater than 5% in non-smokers and over 10% in smokers. Subjects with unrelated exposures, cases with inadequate general information, cases with information inquiry only and cases with chronic or unknown CO exposure were excluded. We further followed all CO poisoned patients until December 31, 2013 by using their medical records.
Definition of variables
Data on the date of inquiry; patient's age, gender, personal history (i.e., smoking and drinking habits), intent of exposure; elapsed time to emergency department (ED) presentation (if available); clinical manifestations, comorbidities, treatments, and outcomes were abstracted onto a standardized form. Any disagreement during data review and abstraction process between the authors was resolved by consensus. The intent of CO exposure was classified as intentional (subjects with voluntary CO exposure such as charcoal-burning) and unintentional (subjects with accidental CO exposure such as incomplete combustion of water heater). The information on the intent of exposure was identified by treating physician at the ED and was recorded in the medical records.
Clinical data on CO poisoned patients such as the presence of any comorbidity, initial manifestations of CO poisoning (upon arrival at the ED), treatments and outcomes were collected from their medical records. Comorbidities included in this study were hypertension, diabetes mellitus, cerebrovascular disease, coronary artery disease, congestive heart failure, chronic obstructive pulmonary disease, hyperlipidemia, anemia, and psychiatric disorders (e.g., major depression, bipolar disorder, anxiety, and schizophrenia). Initial clinical manifestations abstracted for statistical analysis consisted of GCS score (GCS S 9 vs GCS < 9), 21 the receipt of endotracheal intubation; laboratory data on arterial blood gas, serum electrolytes, COHb level, and cardiac biomarkers (troponin I, creatine kinase and creatine kinase-MB); abnormal electrocardiographic (ECG) findings; abnormal imaging findings (e.g., brain CT/MRI); in-hospital treatments (e.g., hyperbaric oxygen therapy) and clinical outcomes; and follow-up prognosis.
The presence of myocardial injury was defined when a patient's serum troponin I level was S0.5 ng/ml, and/or the patient had diagnostic electrocardiogram changes. Neurological sequelae were the primary outcomes of interest in this study, which were further classified into PNS and DNS. PNS was defined as the neurological symptoms or signs evident immediately that did not improve to the premobid state throughout hospitalization, and/or persistent loss of consciousness after acute CO poisoning. DNS was defined as the neurological symptoms or signs that did not occur at first but manifested within a few weeks. The relevant diagnoses were made by the consulting psychiatrist and/or neurologist and were subsequently derived from the patient's medical records.
Statistical analysis
We first described the trend and the characteristics of all enrolled CO poisoned cases, and the baseline characteristics of both intentional and unintentional CO poisoning victims during the study period. We used chi-square test and t-test to identify potential categorical and continuous predictors of PNS and DNS. We further conducted univariate and multivariate logistic regression analyses to explore the associations between potential predictors and the risk of PNS and DNS. Missing values of potential categorical predictors (e.g., GCS < 9 and abnormal brain image), when present, were classified as "unknown" variable in both univariate and multivariate logistic regression models.
All variables with a p-value less than or equal to 0.2 in the univariate analysis were then included in the multivariate regression analysis with a stepwise approach. A two-tailed pvalue of less than 0.05 was considered statistically significant. Odds ratios (ORs) and relevant 95% confidence intervals (CIs) were calculated for statistically significant variables in the multivariate logistic regression models for PNS and DNS. All data were analyzed using the statistical software of SPSS version 20.
Results
During 1990e2011, there were 66,028 deaths by suicide in Taiwan. The most substantial change in suicide methods was the increase in charcoal-burning related poisonings. The suicide rate for this single method increased from 0.0 in 1990 to 4.1 per 100,000 persons in 2011 and accounted for 18.4% of suicide related deaths. After 2002, mortality related to intentional CO poisoning exceeded that of unintentional CO poisoning (2.8 vs. 1.5 per 100,000 persons), becoming the major pattern of CO poisoning. The highest increase occurred in 2006 and reached 6.5 per 100,000 persons. The increase in the overall suicide rate was significantly correlated with the increase in the rate of charcoal-burning suicide (r ¼ 0.957, p < 0.001).
After the exclusion of 3 cases with loss of follow-up and 2 cases with uncertain diagnosis of CO poisoning, a total of 786 CO poisoned cases were eligible for final analysis. Among them, 467 had intentional exposure. Correlation analysis confirmed that the increase in intentional CO poisoned cases was parallel to the increase in the total CO poisoned cases (r ¼ 0.972, p < 0.001; Fig. 1 ). However, the trend in the number of unintentional CO poisoning remained relatively unchanged over time, unlike that in the intentional CO poisoning.
The average age of all CO poisoned cases was 34.5 years and 393 (50%) were male ( Table 1) . Almost seventy percent (69.2%) was those in the 25e64 years age range. Over sixty percent (64.5%) of CO poisoning events were suicide attempt by charcoal burning among those aged 25e64 years. Besides, compared with the unintentional group, intentional CO poisoning group had significantly more history of psychiatric disorder, smoking habit, drinking behavior, unemployment, living alone, older age, loss of consciousness, GCS <9, leukocytosis, metabolic acidosis, receipt of endotracheal intubation, longer duration of CO exposure, ICU stay, and longer hospitalization. Myocardial injury (50.3% vs. 29.8%) and abnormal brain image (17.6% vs. 2.5%) were also more commonly found in the intentional group. The most common source of CO poisoning was charcoal in the intentional group (91.9%) and fuel gas in the unintentional group (79.0%).
There were 134 cases with PNS and 47 cases with DNS in this study; none of them had concomitant PNS and DNS. The cumulative incidence of PNS was 22.1% in the intentional group, which was higher than that in the unintentional group (9.7%). The cumulative incidence of DNS was also much higher in the intentional group (10.5%) as compared to the unintentional group (2.4%). Table 2 shows the baseline characteristics of patients manifesting PNS or not after CO poisoning. The PNS group exhibited a higher prevalence of pre-existing psychiatric disorder, smoking habit, drinking behavior, GCS <9, concomitant use of tranquilizer, loss of consciousness, leukocytosis, metabolic acidosis, myocardial injury, abnormal brain image, receipt of endotracheal intubation, longer ICU stay, longer exposure duration and hospitalization as compared to the non-PNS group ( p < 0.05). Table 4 reveals the demographic and clinical data of patients with or without DNS. Compared with the non-DNS group, a higher proportion of patients with a history of psychiatric disorder, living alone, drinking behavior, GCS <9, loss of consciousness, leukocytosis, myocardial injury, abnormal brain image, receipt of endotracheal intubation, ICU stay, longer hospitalization and the presence of charcoalburning related suicide attempt ( p < 0.05) existed in the DNS group. The average duration from exposure to DNS was 28.15 days (range 7e55 days). Table 5 presents the risk factors of DNS among CO poisoned cases. After adjustment for possible confounding variables, a higher risk of DNS was significantly associated with older age (OR ¼ 1.04; 95% CI:1.02e1.07), having psychiatric disorder history (OR ¼ 2.82; 95% CI:1.35e5.89), GCS < 9 (OR ¼ 3.23; 95% CI:1.65e6.34), and myocardial injury (OR ¼ 1.33; 95% CI:1.16e1.53).
Discussion
Our results revealed that during 1990e2011, the mortality related to charcoal-burning suicide was significantly associated with overall suicide mortality in Taiwan, which indicated that the change in suicide mortality was mainly affected by charcoal-burning during that period. Pan et al. stated that the rate of charcoal-burning suicide as well as the total suicide rate in Taiwan increased during 1995e2006, 14 and Chen et al. reported similar trend during 2001e2012. 29 Among the 786 CO poisoned cases included in this study, a similar trend of CO poisoning was found between the PCC data and the national statistics on suicide.
In our study, the cumulative incidence of PNS and DNS was 17.0% and 7.4% after CO poisoning, respectively; and was noted to be much higher in the intentional poisoning group. Moreover, our finding on the cumulative incidence of DNS was comparable to previous reports on DNS. 18, 19, 21 Our study identified several clinical and demographic predictors associated with the risk of PNS and DNS. Similar to the development of PNS, myocardial injury increased the risk of DNS. In our study, elevated troponin I was present in 18.7% of patients, 31.2% had diagnostic ECG changes, and myocardial injury was found in 42.0% of patients, which was similar to the results of former studies. 2, 23, 24 Myocardial injury had been shown to predict mortality and delayed neurological sequelae in patients with CO poisoning in few recent studies. 21,25e28 In the present study, patients in both PNS and DNS groups had a higher proportion of myocardial injury. Moreover, we documented a statistically significant association between myocardial injury and neurological sequelae in multivariate regression model. We supposed that myocardial injury might present as an important intermediate associated with CO poisoning severity, which subsequently influenced the outcome.
We demonstrated that initial GCS <9 was a significant predictor for developing PNS and DNS. Patients with intentional CO poisoning were more likely to have loss of consciousness (88.0% vs. 65.5%), GCS <9 (34.9% vs. 11.3%), ICU stay (31.5% vs. 8.2%), receipt of endotracheal intubation (42.4% vs. 16.3%), and longer CO exposure duration (7.89 h vs. 6.36 h) than the unintentional groups in the present study. Shen et al. found that endotracheal intubation reflected the severity of CO poisoning as well as respiratory distress. 30 Patients that presented with GCS <9 were significantly more likely to receive endotracheal intubation (99.5% vs. 8.9%), and had more loss of consciousness (99.5% vs. 71.9%) and ICU stay (62.3% vs. 8.2%) in our study, which indicated the presence of severe toxicity and might be correlated with prolonged CO exposure and/or ambient hypoxia attributable to charcoal-burning. Both prolonged CO exposure and ambient hypoxia could contribute to more severe hypoxic injury and then result in myocardial injury and abnormal brain image finding.
We found that low density lesions at basal ganglia and cerebral white matter were the most common abnormal brain CT image finding in patients with CO poisoning, a finding consistent with that reported by other studies. 18, 27, 31, 32 Although our data indicated that positive findings in brain CT scans were predictive of the development of PNS but not DNS, the relatively small number of subjects with abnormal brain image finding made it difficult to draw a firm conclusion.
Concomitant use of tranquilizer was more prevalent in PNS patients than those without PNS (24.6% vs. 4.3%). Both acute CO poisoning and the ingestion of tranquilizer could result in a significant reduction of GCS initially, and it is reasonable that tranquilizer might increase the risk of developing PNS but not DNS. Additionally, we reported that the presence of psychiatric disorder might increase the risk of DNS, a finding different from that of Ku et al., which demonstrated that psychiatric diagnosis was not a risk factor of DNS. 18 However, Ku et al. studied a much smaller number of cases than we did (43 vs. 638). Moreover, psychiatric disorder has been suggested to affect the functioning of the central nervous system, thus possibly increasing the risk of DNS.
Even though we did not obtain statistically meaningful results, we observed an increase in neurological sequelae following intentional CO exposure. We speculated that intentional CO exposure might influence the neurological outcome through various intermediates associated with CO poisoning severity, such as myocardial injury, abnormal brain image, and GCS <9. Besides, we did not identify that the receipt of endotracheal intubation was associated with the risk of DNS in our study. The above-noted result was inconsistent with that of Chan et al., who found that the requirement of intubation was associated with the development of DNS in patients with severe CO poisoning. 26 Tissue hypoxia is the major outcome of CO poisoning. Hyperbaric oxygen therapy (HBO 2 ) was considered as an important treatment modality because theoretically it may promote CO elimination 1, 2, 9, 17, 18 and prevent the development of DNS. 4, 5, 10, 26, 33 However, the efficacy of HBO 2 in CO poisoned patients remains controversial. 1, 3, 7, 9, 26 The administration of HBO 2 to patients with CO poisoning for diminishing the incidence of adverse neurological outcomes was not clearly demonstrated in the present study, which was consistent with the results of other studies. 3, 17, 18, 21, 27 This study has several limitations. First, it is a retrospective cohort study and is therefore susceptible to all inherent weaknesses of an observational study, such as the inability to control for unmeasured confounders (e.g., concentration of inspired CO). Second, there is a possibility of nongeneralizability of the cases reported to the PCC. However, given that the trend of intentional CO poisoning reported to the Taiwan PCC was quite similar to that of the national statistics on CO poisoning related suicide, our findings might be generalizable to all CO poisoned patients in Taiwan. Third, we did not have enough reliable data on the time elapsed after CO exposure. Therefore, we were unable to delineate its potential role in causing the observed difference in severity between intentional and unintentional CO poisoning in our study. Finally, three patients were lost to follow-up and we were unable to ascertain whether they had developed DNS. However, the number of loss of follow-up was small and was likely to be non-differential. Therefore, loss of follow-up was unlikely to affect the main findings of our study.
In conclusion, given the high mortality and morbidity associated with intentional CO exposure, the government in Taiwan should provide a more efficient measure to decrease the incidence of suicide and/or suicide attempts by CO poisoning, such as a charcoal-restriction program and responsible media reporting.
34e38 Furthermore, the predictors of neurological sequelae of CO poisoning identified in this study may help clinicians to early predict the outcomes of patients with CO poisoning and provide appropriate treatments to improve quality of care for those patients at higher risk of developing PNS or DNS. Finally, clinicians should closely follow the outcome of all patients with intentional CO poisoning and design a more detailed treatment protocol for them.
